Late blight, caused by the notorious pathogen Phytophthora infestans, is a devastating disease of potato (Solanum tuberosum) and tomato (Solanum lycopersicum), and during the 1840s caused the Irish potato famine and over one million fatalities. Currently, grown potato cultivars lack adequate blight tolerance. Earlier cultivars bred for resistance used disease resistance genes that confer immunity only to some strains of the pathogen harboring corresponding avirulence gene. Specific resistance genemediated immunity and chemical controls are rapidly overcome in the field when new pathogen races arise through mutation, recombination, or migration from elsewhere. A mitogen-activated protein kinase (MAPK) cascade plays a pivotal role in plant innate immunity. Here we show that the transgenic potato plants that carry a constitutively active form of MAPK kinase driven by a pathogen-inducible promoter of potato showed high resistance to early blight pathogen Alternaria solani as well as P. infestans. The pathogen attack provoked defense-related MAPK activation followed by induction of NADPH oxidase gene expression, which is implicated in reactive oxygen species production, and resulted in hypersensitive response-like phenotype. We propose that enhancing disease resistance through altered regulation of plant defense mechanisms should be more durable and publicly acceptable than engineering overexpression of antimicrobial proteins.
The timely recognition of invading microbes and the rapid induction of defense responses are essential for plant disease resistance. At least two recognition systems are used by plants (Dangl and Jones, 2001; Parker, 2003) . Plant defenses are often initiated by a gene-forgene interaction between a dominant plant resistance (R) gene and a pathogen avirulence (Avr) gene, which provides race-specific resistance that is easily overcome by pathogen mutations. Plants also use a much less specific recognition system that identifies pathogenassociated molecular patterns (PAMPs), such as flagellin (Zipfel et al., 2004) and lipopolysaccharides (Zeidler et al., 2004) , so-called general elicitors. Both animals and plants can recognize invariant PAMPs that are characteristic of pathogenic microorganisms. Perception of the peptide fragment of flagellin in Arabidopsis (Arabidopsis thaliana) depends on the Leu-rich repeattype receptor kinase flagellin sensing 2 (FLS2; Gó mez-Gó mez and Boller, 2000) . The fls2 mutant Arabidopsis is more susceptible to the bacterial pathogen Pseudomonas syringae pv tomato DC3000 than wild-type plants (Zipfel et al., 2004) , suggesting that recognition of PAMPs by plant cells potentiates defense responses. Understanding these plant signaling systems creates an opportunity to manipulate these systems to enhance resistance in crops. FLS2-and R-gene products share similarities with components of the animal innate immune system, suggesting that some downstream signaling components are common between plants and animals (Dangl and Jones, 2001; Staskawicz et al., 2001) .
The mitogen-activated protein kinase (MAPK) cascade is one of the major and evolutionally conserved signaling pathways utilized to transduce extracellular stimuli into intracellular responses among eukaryotes (Ligterink et al., 1997; Nakagami et al., 2005) . In these protein kinase cascades, MAPK kinase (MAPKK) is activated by upstream MAPKK kinase (MAPKKK) and finally activates MAPK. It was shown that a MAPK cascade is involved in both FLS2-and R-gene products-mediated innate immunity (Asai et al., 2002) . NtMEK2, a tobacco (Nicotiana tabacum) MAPKK, is known to activate both salicylic acid (SA)-induced protein kinase (SIPK) and wound-induced protein kinase (WIPK). Expression of NtMEK2 DD , a constitutively active allele of NtMEK2, induced hypersensitive response (HR)-like cell death, defense gene expression, and generation of reactive oxygen species (ROS; Yang et al., 2001; Ren et al., 2002) . We also showed that the constitutively active mutant of potato (Solanum tuberosum) ortholog of tobacco NtMEK2, StMEK1 DD (the prefix St indicates S. tuberosum), provokes SIPK and WIPK activities followed by induction of respiratory burst oxidase homolog (rboh) gene expression, which is implicated in ROS production, in Nicotiana benthamiana . Loss of function of either SIPK (or Arabidopsis ortholog AtMPK6) or WIPK compromised N gene-mediated gene-for-gene resistance to tobacco mosaic virus infection (Jin et al., 2003) and resistance to bacterial pathogens (Sharma et al., 2003; Menke et al., 2004) . These results indicate that SIPK and WIPK are convergent points in the signaling pathway of defense responses in plant-pathogen interactions. The facts led us to propose that modulation of MAPK cascades enables plants to resist pathogen invasion. When multiple defense responses are triggered rapidly and coordinately during plant-pathogen interactions, the plant shows resistance to the pathogens. In contrast, susceptible plants respond more slowly than resistant plants with an onset of defense mechanisms after pathogen attack. We propose that StMEK1 DD can accelerate MAPK signal transduction efficiently and enable plants to resist pathogen invasion. However, constitutive activation of the defense mechanism can be lethal to a plant.
Exposure of potato plants to only an avirulent Phytophthora infestans (late blight pathogen) causes multiple defense responses, including the oxidative burst, nitric oxide production, and accumulation of antifungal sesquiterpenoid phytoalexins (lubimin and rishitin) dependent upon de novo synthesis of the enzymes involved in their production (Doke, 1983; Oba et al., 1985; Yamamoto et al., 2003) . However, the R-mediated immunity is rapidly overcome in the field when new pathogen races arise through mutation, recombination, or migration from elsewhere (Turkensteen, 1993) . During the 1840s, the late blight pathogen caused the Irish potato famine and over one million fatalities. Most of currently grown potato cultivars lack durable resistance. To generate transgenic potato plants, which have enhanced disease resistance without the yield penalty associated with constitutive defense expression, a virulent pathogeninducible potato promoter is required. Phytoalexins are generally synthesized in plants primarily at sites of pathogen infection. Sesquiterpene cyclase is a key branch enzyme of isoprenoid pathway for the synthesis of sesquiterpenoid phytoalexins ( Fig. 1 ; Zook and Kuc, 1991; Back and Chappell, 1995) . Complementary DNAs encoding potato vetispiradiene synthase (PVS), a sesquiterpene cyclase, which catalyzes farnesyl diphosphate into vetispiradiene, a precursor of lubimin and rishitin, were isolated. Infection of P. infestans with potato tubers caused transient increases in the transcript level of PVS during not only incompatible but also compatible interactions . Here we show that the transgenic potato plants, which were introduced by a constitutively active form of MAPKK (StMEK1 DD ) driven by the pathogen-inducible promoter of potato, developed normally and showed high resistance to early blight pathogen Alternaria solani as well as a virulent P. infestans.
RESULTS

PVS3 Promoter Is Induced in Potato Tubers and Leaves by the Inoculation with Pathogens
PVS, the key enzyme of the phytoalexin synthesis of potato, is encoded by a multiple-gene family (PVS1 to Figure 1 . A scheme of stimulus-responsive isoprenoid biosynthesis in solanaceous plants. Sesquiterpene cyclase is a key branch enzyme of isoprenoid pathway for the synthesis of sesquiterpenoid phytoalexins. Vetispiradiene synthase, which catalyzes farnesyl diphosphate into vetispiradiene (1, 2, 3b), produces a precursor of lubimin and rishitin in potato and H. muticus. 5-epi-Aristolochene synthase is a key enzyme for capsidiol production in tobacco and pepper (1, 2, 3a) . Wound-induced sterol and steroid glycoalkaloid syntheses are suppressed in favor of sesquiterpenoid phytoalexin synthesis during expression of the HR. Yoshioka et al., 1999) . As one molecular approach to elucidation of the mechanisms that regulate the phytoalexin synthesis in potato after inoculation with P. infestans, here we isolated and characterized the genome clones encoding PVS1, 3, and 4. The sequence comparison between deduced amino acid sequences for PVSs, Hyoscyamus muticus vetispiradiene synthase (HVS), and other related enzymes, such as tobacco 5-epi-aristolochene synthase (TEAS) and pepper (Capsicum annuum) 5-epi-aristolochene synthase (PEAS), which are key enzymes for capsidiol production in tobacco and pepper (Fig. 1) , is presented in Figure 2A . Functional domains for endogenous sesquiterpene cyclase (EAS) and VS are predicted by the domainswapping experiments (Back and Chappell, 1996) . The amino acid sequences of each domain among VS showed high homology. Interestingly, PVS1 and PVS4 lack the sixth intron, whereas PVS3 contains the intron identical to other synthases. These results suggest that PVS1 and PVS4 have evolved independently from other genes.
4;
Transgene activation to trigger the defense responses should occur only at the time and the site of pathogen challenge and not under other circumstances. In the field, disease caused by P. infestans can be initiated on the leaves. The virulent pathogen-inducible gene promoter in potato leaves is indispensable to drive the transgene that cues cell death. As shown in Figure 2B , PVS3 was significantly induced in leaves in both incompatible and compatible interactions of P. infestans, but not by wounding. We tested whether PVS3 promoter is useful to drive the StMEK1 DD in response to P. infestans. The PVS3 promoter was fused to the b-glucuronidase (GUS) reporter gene, and the temporal Figure 2 . PVS3 gene is activated by virulent and avirulent isolates of P. infestans in potato tubers and leaves. A, A schematic representation of amino cid sequence alignment between tobacco (TEAS), potato (PVS1, 3, and 4), H. muticus (HVS), and pepper (PEAS). Solid vertical bars correspond to intron positions within the tobacco, potato, H. muticus, and pepper genes. Numbers within the boxes indicate the number of amino acids encoded by exons. Aristlochene-specific domains and vetispiradiene-specific domains are shown as gray and black boxes, respectively. Percentages refer to identity scores between the indicated domains, and DDXXD (or DDXX) refers to Asp-rich (and known as the substratebinding site) residues. Adapted from Back and Chappell (1995) . B, The PVS3 gene is induced in both incompatible (Incomp.) and compatible (Comp.) interactions of P. infestans, but not by wounding (Wound.). RNA was extracted from tubers and leaves after the inoculation with virulent (race 1.2.3.4) and avirulent (race 0) isolates of P. infestans or wounding with Carborundum, and used for RT-PCR. Memberspecific primers of PVS1 to 4 were used for PCR. RT-PCR products from leaves were separated on an agarose gel and blotted onto nylon membranes. The membranes were hybridized with each 32 P-labeled PCR product as probes. Lane TI shows RT-PCR products of RNA isolated from potato tubers in incompatible interaction as a positive control. and spatial expression patterns of GUS were monitored in the transgenic potato plants. No GUS activity was detected in leaves, roots, and growth points of unstimulated transgenic plants (data not shown). These results suggest that PVS3 promoter is suitable for generation of disease-resistant transgenic potato plants.
To investigate the adaptable range of the PVS3 promoter, we monitored GUS activities in the PVS3::GUS transgenic potato leaves under biotical or physical stimuli. Inoculation with mock ( Fig. 3B ) and nonpathogen Escherichia coli (Fig. 3C) , and Alternaria alternata Japanese pear (Pyrus serotina Rehd.) pathotype strain 15A (Fig. 3G) , did not induce the GUS activity because these microbes cannot invade inside the plant cells. Importantly, wounding of the potato plants also did not activate the PVS3 promoter (Fig. 3D) . In contrast, the promoter was strongly activated in transgenic potato plant by inoculation with the virulent P. infestans (Fig. 3 , A and F) and early blight pathogen A. solani strain A-17 ( Fig. 3E ) in the restricted sites where pathogens tried to infect. These results confirm that the PVS3 promoter is specifically and locally activated by pathogens and thus suitable to drive StMEK1 DD .
PVS3 Promoter Is Controlled by MAPKs
We investigated the control mechanism of the PVS3 promoter by Agrobacterium (Agrobacterium tumefaciens) infiltration (agroinfiltration). PVS3 promoter was not activated by inoculation with Agrobacterium-carrying vector (control; Fig. 3H ). In contrast, the promoter was activated in response to Agrobacterium-carrying Avr9/ Cf-9, Avr-R interaction (Thomas et al., 2000 ; Fig. 3I ), or StMEK1 DD (Fig. 3J ). The promoter was also activated by treatment with general elicitors, such as cell wall and arachidonic acid of P. infestans (data not shown). It has been reported that treatment with these elicitors, Avr9/ Cf-9 interaction, and StMEK1 DD activate SIPK and WIPK (Katou et al., 1999 Romeis et al., 1999) . Taken together, these observations suggest that the activation of PVS3 promoter is controlled by the MAPK cascade.
To investigate this possibility, we employed virusinduced gene silencing (VIGS) in N. benthamiana using a potato virus X (PVX) vector (Lu et al., 2003) . SIPK-and/ or WIPK-silenced leaves were coinfiltrated with a mixture of Agrobacterium cultures containing PVS3:: GUSint (reporter; pPVS3-1), which carried an intron (int) to avoid expression in Agrobacterium, and pER8::StMEK1 DD (effector) T-DNA constructs (Fig. 4A ). To synchronize expression of the effector genes in N. benthamiana leaves and to make a time lag (48 h) between the reporter and effector genes following agroinfiltration, we used an estradiol-inducible expression system developed for use in plant cells (Zuo et al., 2000) . Transcripts for SIPK and/or WIPK were substantially less abundant in gene-silenced N. benthamiana infected with PVX (WIPK, SIPK, SIPK/WIPK) than those in controls infected with an empty PVX vector (Fig. 4C ). Only VIGS of both SIPK and WIPK reduced GUS activity in response to StMEK1 DD ( Fig. 4B ), indicating that the PVS3 promoter is controlled by both SIPK and WIPK. In addition, we confirm that EAS, a key enzyme for capsidiol production (Yin et al., 1997) in N. benthamiana, is also regulated by SIPK and WIPK (Fig. 4C) .
To determine the 5# boundary of the region that is important for the activity of the PVS3::GUSint fusion in response to StMEK1 DD and INFESTIN (INF1; Kamoun et al., 1997) , elicitor derived from P. infestans in N. benthamiana, a series of 5# deletions of the PVS3 promoter was constructed. GUS activity driven by each construct was measured in the transient gene expression assay 24 h after treatment with effectors. The promoter region of PVS3, pPVS3-1 (2,334 bp), conferred responsiveness to the StMEK1 DD and INF1 (Fig. 5 ). Deletion to pPVS3-3 (21,287) resulted in a clear reduction of the effector-responsive GUS activity. Further deletions from pPVS3-4 to pPVS3-10 did not affect the GUS activity. A 50-bp promoter region of PVS3 (positions 21,337 to 21,287) was shown to play an important role in transcriptional activation in response to both , and E. coli (C). The transgenic potato leaves were treated with wounding (D) or inoculated with A. solani (E), P. infestans (F), and A. alternata Japanese pear pathotype (G). Agrobacterium-carrying vector (H), 35S::Avr9/Cf-9 (I), or 35S::StMEK1 DD (J) was infiltrated into transgenic potato leaves. Genes for Avr9/Cf-9 and StMEK1 DD were driven by the 35S promoter of Cauliflower mosaic virus. Tubers and leaves were stained with GUS staining solution 9 h (A), 24 h (F), or 48 h (B-E, and G-J) after the treatments. Scale bars 5 10 mm.
StMEK1
DD and INF1 (Fig. 5 ). Both StMEK1 DD and INF1 elicitor activate the SIPK and WIPK Sharma et al., 2003) , indicating that the PVS3 promoter is controlled by these MAPKs.
Potato Ortholog of Tobacco SIPK, StMPK1, Is Activated by the Inoculation with a Virulent Isolate of P. infestans Previous studies have shown that a 51-kD MAPK is activated in potato tuber tissue by treatment with an elicitor, hyphal wall components (HWC) prepared from P. infestans or SA and arachidonic acid, which are known to induce various defense responses in potato plants (Katou et al., 1999) . The molecular mass and activation profile of this kinase to a variety of elicitors, including SA, suggested that it might be a potato ortholog of tobacco SIPK. We recently purified the 51-kD MAPK, which was activated in potato tubers treated with HWC, and isolated the corresponding cDNA, designated StMPK1 (Katou et al., 2005) . The deduced amino acid sequence of the StMPK1 showed strong similarity to stress-responsive MAPKs, such as SIPK and Arabidopsis AtMPK6.
To gain a better understanding of the involvement of the MAPK cascade in the defense responses of potato leaves, we investigated the MAPK activity after the inoculation with a virulent or an avirulent isolate of DD was arbitrarily assigned as 100% value against which all other values were plotted. C, Expression profiles of EAS in the genesilenced N. benthamiana. Total RNA was isolated from gene-silenced N. benthamiana leaves after infiltration with Agrobacterium harboring 35S::StMEK1 DD , and transcript levels of WIPK, SIPK, and EAS were determined by RNA gel-blot hybridization. A series of 5#-deleted PVS3 promoter fragments was translationally fused to the GUSint reporter gene. The number indicates the distance from the PVS3 translation start site. To induce the expression of StMEK1 DD , 20 mM estradiol was injected into the leaves 48 h after a mixture of Agrobacterium cultures containing PVS3::GUSint (reporter) and pER8:: StMEK1 DD (effector) was coinfiltrated. Ten micrograms mL 21 INF1 was injected into leaves 48 h after a mixture of Agrobacterium cultures containing PVS3::GUSint was infiltrated. GUS activities were determined 24 h after the treatments and measured by fluorometric quantitation of 4-MU. Each value and bar represents the mean of three independent experiments and SD from the mean, respectively. We produced transgenic potato plants carrying the StMEK1 DD allele expressed from the PVS3 promoter. The transgenic plants and tubers developed normally (Fig. 7, A and B) . The transgenic potato leaves as well as tubers showed high resistance to a virulent P. infestans (Fig. 7 , C and F) and displayed an HR-like cell death phenotype (Fig. 7 , D and F) accompanied by accumulation of hydrogen peroxide (H 2 O 2 ) around the infected cell (Fig. 7E) . We also examined whether PVS3:: StMEK1 DD transgenic potato plants show resistance to the necrotrophic pathogen A. solani. Six days after inoculation, typical disease symptoms appeared on the wild-type potato leaves. In contrast, transgenic potato leaves showed an HR-like cell death phenotype (Fig. 7G ) and accumulated H 2 O 2 around infected tissue (Fig. 7H) . These results suggest that the transgenic potato plants provoke oxidative burst and show high resistance not only to the biotrophic pathogen P. infestans but also to the necrotrophic pathogen A. solani. (Fig. 8, A and B ). The transcript level of StMEK1 DD was decreased 24 h after pathogen inoculation (Fig. 8A) in agreement with profile of StMPK1 activity (Fig. 8B) . These data suggest that the switch off of the gene resulted from localized cell death induced by the pathogen attack because HRlike cell death was observed 24 h after inoculation (Fig.  7D) . In-gel kinase assay detected only StMPK1 activity; however, immunoprecipitation analyses using specific antibodies showed that both StMPK1 and StWIPK are activated in response to P. infestans (data not shown). A likely explanation for this is that basal levels of StMPK1 in unstimulated plant cells are much higher (10-fold) than those of StWIPK (Zhang and Klessig, 1998) . Alternatively, StWIPK proteins may be more unstable under denaturing conditions in SDS-polyacrylamide gel.
To examine whether the activation of endogenous MAPKs by introduced StMEK1 DD provokes the expression of defense-related genes, expression profiles for Phe ammonia-lyase (PAL) and hsr203J (HR marker) were determined (Fig. 8C) because it was reported that their expression is regulated by a MAPK cascade (Yang et al., 2001; Yoshioka et al., 2003; Takahashi et al., 2004) . These genes were up-regulated in transgenic leaves in comparison with wild-type potato leaves. In addition, the expression pattern of StrbohA to D (plant NADPH oxidases) was also investigated. Oxidative burst is proposed to be responsible for HR cell death correlated with defense responses. StrbohC and StrbohD were drastically induced in the infected transgenic plants.
DISCUSSION
Ever since the initial discovery of the molecules and genes involved in disease resistance in plants, attempts have been made to engineer disease resistance in economically important crop plants. Genetic engineering has proved to be a powerful tool for controlling plant diseases and to be an alternative to economically costly and environmentally undesirable chemical control. To date, transgenic disease-resistant plants include constitutively overproducing a-thionin (Carmona et al., 1993) and the Ustilago maydis killer toxin (Park et al., 1996) , and expressing genes encoding enzymes that are involved in the biosynthesis of antimicrobial compounds (Hain et al., 1993) have been produced. Other approaches have been based on the overexpression of genes encoding proteins that are produced during the natural defense responses, such as PR-1a (Alexander et al., 1993) , chitinase (Broglie et al., 1991) , or osmotin (Liu et al., 1994 ). An additional possibility involves the production of proteins that generate a signaling event and trigger the permanent onset of an array of defense responses, such as H 2 O 2 -generating Glc oxidase (Wu et al., 1995 (Wu et al., , 1997 . Constitutive expression of the Arabidopsis NIM1/NPR1 gene, which Figure 6 . A 51-kD MAPK is activated during incompatible and compatible P. infestans-potato interactions in potato leaves. A 51-kD MAPK activity, which was identified as StMPK1 (AB062138), was indicated by in-gel kinase assay using MBP as a substrate. The same samples were stained with Coomassie Brilliant Blue, and the bands corresponding to ribulose-1,5-bisphosphate carboxylase large subunit (RBCL) are shown.
is a mediator of systemic acquired resistance, results in varying degrees of resistance to different pathogens (Cao et al., 1998; Friedrich et al., 2001) . Furthermore, enhanced disease resistance mutants have been identified (Bowling et al., 1994; Frye et al., 2001 ). Most plants possessing constitutive expression of a defense pathway show reduced yield or other deleterious phenotypes. Recently, R genes, which confer broadspectrum late blight resistance in cultivated potato, were identified from wild-type potato (Song et al., 2003; van der Vossen et al., 2003) . It remains to be seen if the use of these broad-spectrum late blight R genes is durable under conditions of large-scale agricultural production because races of the pathogen that were able to overcome these genes emerged within a few years after market introduction (Turkensteen, 1993) .
During the past few years, efforts have been made to generate transgenic plants that express the introduced gene under controlled conditions only. Successful approaches satisfy for this point; disease-resistant transgenic tobacco was produced by expressing pathogen elicitor-related genes fused to plant-inducible promoter (Keller et al., 1999; Rizhsky and Mittler, 2001; Takakura et al., 2004) . But expression of microbial genes in genetically modified crops has provoked public concern, or these promoters are responsive not only to pathogen attack but also to wounding. We suggest that by using the pathogen-inducible PVS3 promoter and a constitutively active allele of the master switch, StMEK1, we can sufficiently enhance the defense response elicited during a compatible interaction to provide potato late blight resistance without the deleterious consequences of constitutive defense expression.
Transgenic Plants Resistant to Both Necrotrophic and Biotrophic Pathogens
Plants have evolved the complex and sophisticated defense systems to withstand a variety of pathogens (Greenberg and Yao, 2004) . It has been known for a long time that infection attempts of microbial pathogens on plants trigger a complex set of defense responses requiring activation of distinct signaling pathways. Plant defense needed to be adapted to two different types of pathogen. Necrotrophs are pathogens that produce toxic enzymes and metabolites that kill the tissue directly upon invasion. In contrast, biotrophs initially feed on plants parasitically, keeping the cells in infected plant tissue alive for a significant fraction of the pathogen's life cycle (Stuiver and Custers, 2001) . Necrotrophic pathogens induce pathogenesis-related genes via a jasmonic acid (JA)-dependent pathway, whereas hemibiotrophic and biotrophic pathogens induce an SA-dependent pathway. It has shown that coi1-1, a MeJA-insensitive mutant unable to induce basic-PR genes on pathogen challenge, is more susceptible than wild-type plants to infection by the necrotrophic pathogens Alternaria brassicicola and Botrytis cinerea, but not biotrophic pathogen Hyaloperonospora parasitica. In contrast, SA-deficient NahG plants, which show enhanced susceptibility to H. parasitica and P. syringae, do not have any effects on the fungal pathogens A. brassicicola and B. cinerea (Thomma et al., 1998) . Because of the antagonistic effect of SA and JA on the expression of pathogenesis-related genes (Niki et al., 1998) , resistance to necrotrophic and biotrophic pathogens seems to conflict. Moreover, activation of ethylene responses by ETHYLENE-RESPONSE-FACTOR 1 overexpression in Arabidopsis confers resistance to necrotrophic fungi B. cinerea and Plectosphaerella cucumeria, but reduces tolerance against P. syringae pv tomato DC3000 and up-regulation of defense-related genes during compatible P. infestans-potato interactions. Total RNA and proteins were isolated from potato leaves after the inoculation with virulent P. infestans at indicated times and used for RT-PCR (A), in-gel kinase assay (B), or RNA gel-blot analyses (C). For RT-PCR, 28, 40, and 30 amplification cycles were applied with specific primers for StMEK1 DD transgene, endogenous PVS3, and constitutively expressed EF-1a, respectively. The MAPK activity was assayed with in-gel kinase assay using MBP as a substrate. The same samples were stained with Coomassie Brilliant Blue, and the bands corresponding to ribulose-1,5-bisphosphate carboxylase large subunit (RBCL) are shown. The transcript levels of defense-related genes were determined by sequential probing with cDNA probes indicated on the left side of the sections. (Berrocal-Lobo et al., 2002) . These results suggest that negative crosstalk between ethylene and SA-signaling pathways, and that positive and negative interactions between both pathways, can be established depending on the type of pathogen. Here we demonstrated that the transgenic plants harboring PVS3::StMEK1 DD resistant to both necrotrophic pathogen A. solani and biotrophic pathogen P. infestans. The expression of endogenous StMEK1 DD might cause the up-regulation of defenserelated genes involved in distinct JA-dependent and SA-dependent signaling pathways. In fact, transgenic tobacco plants in which the WIPK gene was constitutively expressed accumulated JA at a high level and exhibited induction of gene for JA-inducible proteinase inhibitor II (Seo et al., 1999) .
MAPK Cascade Is Involved in the Induction Process of PVS3 Promoter by INF1
Perception of pathogen by plant cells triggers rapid defense responses via a number of signal transduction pathways. The interaction between transcription factors and cis-acting regulatory sequences presented in plant promoters is a key step involved in the regulation of plant gene expression. cis-Acting elements within the promoters of many of these genes have recently been defined, and investigators have started to isolate their cognate trans-acting factors. To identify the cis-acting elements and cognate trans-acting factors is a first step of elucidation of signal transduction mechanism. Transient expression experiments of the N. benthamianaAgrobacterium system suggest that cis-element, which is activated by both StMEK1 DD and INF1, exists in a 50-bp region of the PVS3 promoter (positions 21,337 to 21,287; Fig. 5 ). These results suggest that MAPK cascade is involved in the induction process of PVS3 promoter by INF1. INF1 is an elicitor derived from P. infestans and is known to activate SIPK and WIPK in N. benthamiana (Sharma et al., 2003) . In contrast to strains of P. infestans that produce elicitin INF1, strains that are engineered to be deficient in INF1 induce disease lesions on N. benthamiana, suggesting that INF1 functions the same as PAMPs that condition resistance in this species (Kamoun et al., 1998) . In addition, HWC elicitor or arachidonic acid, a lipid elicitor, of the pathogen also activated StMPK1 activity (Katou et al., 1999) and PVS3 promoter (data not shown) in potato plants. Taken together, PAMPs of P. infestans may contribute to the activation of MAPK and the PVS3 promoter in the compatible interactions (Fig. 6 ).
Predicted Mechanism of Defense Responses in
Transgenic Potato Plants Figure 9 shows a hypothetical mechanism of enhanced immune response in the transgenic potato plants in response to pathogen attack. In the absence of pathogens, the transgenic plant displayed normal phenotype similar to that of wild type because transgene was not induced and little increase in MAPK activity can be detected in transgenic plant. In contrast, infection with virulent pathogen induces endogenous MAPKs (StMPK1 and StWIPK) to some extent. Following the activation of MAPK, the PVS3 promoter is induced, and then StMEK1 DD driven by PVS3 promoter is expressed. This creates a positive feedback genetic circuit because StMEK1 DD induces phosphorylation of MAPKs and enhancing its own induction, resulting in long-lasting activation of MAPKs. The kinetics of SIPK activation in response to abiotic stresses is transient, whereas biotic elicitors that induce cell death result in prolonged activation (Zhang and Klessig, 1998) . Conditional gain-of-function studies have shown that SIPK overexpression is sufficient to induce both defense gene expression and cell death . The activation of MAPKs by StMEK1 DD induces a large array of defense genes, including StrbohC and StrbohD. Generation of ROS is considered to be an important component for triggering defense responses in plants (Doke, 1983; Dietrich et al., 1996; Jabs et al., 1996; Lamb and Dixon, 1997; Orozco-Cardenas et al., 2001) . It has been shown that rboh is plant NADPH oxidase that generates ROS (Groom et al., 1996; Desikan et al., 1998; Keller et al., 1998; Simon-Plas et al., 2002; Torres et al., 2002; Sagi et al., 2004) . Recent works provided evidence for the involvement of a MAPK cascade in the regulation of rboh (Taylor et al., 2001; Yoshioka et al., 2003) . Surprisingly StrbohB, an elicitor-inducible gene in potato tubers (Yoshioka et al., 2001) , was not up-regulated in transgenic leaves. We isolated two rboh cDNAs, StrbohC and StrbohD, from potato leaves using sequence information from tomato (Solanum lycopersicum) whiteflyinduced gene 1 or NbrbohB of N. benthamiana, respectively. Both genes were induced in infected transgenic plants, suggesting that StrbohC and StrbohD may be responsible for the oxidative burst in response to the pathogen attack in the leaves. These results indicate enhanced MAPK activity altered the pattern of rboh gene expression (Fig. 8C ). It was demonstrated that H 2 O 2 triggers activation of SIPK and WIPK orthologs through the OXIDATIVE SIGNAL-INDUCIBLE 1 kinase in Arabidopsis (Rentel et al., 2004 ). Here we demonstrated that this activation circuit may induce HR and could confer disease resistance if appropriately rewired as shown in Figure 9 .
MATERIALS AND METHODS
Plant Growth Conditions
Potato plants (Solanum tuberosum) and Nicotiana benthamiana were grown at 20°C or 25°C, respectively, with 70% humidity under a 16-h photoperiod and an 8-h-dark period in biotron or environmentally controlled growth cabinets.
Pathogen Inoculation
Races 0 and 1.2.3.4 of Phytophthora infestans were maintained on susceptible potato (cv Irish cobbler) tubers. Suspensions of Phytophthora zoospores were prepared as described previously . Zoospores were applied to the attached leaves under high humidity at 20°C. In the case of RNA and protein isolation, potato leaves were inoculated with 1 3 10 
Methyl-Umbelliferyl-b-D-Glucuronide Assays
GUS activity was assayed in tissue extracts by fluorometric quantitation of 4-methylumbelliferone (4-MU) produced from the glucuronide precursor using a standard protocol (Jefferson et al., 1987) . GUS activity was expressed in nanomoles of product generated per minute per milligram of protein.
GUS Staining
Histochemical localization of GUS activity in situ was performed by vacuum infiltration with a solution consisting of 50 mM sodium phosphate and 0.5 mg of 5-bromo-4-chloro-3-indolyl glucuronide mL 21 , and incubated for 16 h at 37°C. Leaf discs containing the inoculum were excised and then fixed on the filter paper by immersion in a 3:1 solution of ethanol:acetic acid. The fixed samples were stained carefully with 0.1 mg mL 21 trypan blue solution to avoid washing spores away, and then examined by microscopy for plant responses and growth of pathogens. Alternatively, samples were fixed with lactophenol, then destained and viewed in 2.5 g mL 21 chloral hydrate solution (Wilson and Coffey, 1980) on an Olympus BX51 microscope under either bright-field illumination or differential interference contrast.
DNA Constructs and Seedling Infection for VIGS
A 230-bp fragment of NbSIPK and a 178-bp fragment of NbWIPK, each starting from the ATG codon, were subcloned into a PVX vector pGR106 (Ratcliff et al., 2001) . Additionally, both fragments were ligated in tandem into pGR106 for dual silencing. The constructs contained these inserts in the antisense orientation and were designated PVX-NbWIPK (PVX:W), PVXNbSIPK (PVX:S), and PVX-NbSIPK/WIPK (PVX:S/W) dual-silencing insert. PVX that does not contain any inserts was used as a control. Second leaves of 2-week-old N. benthamiana seedlings were inoculated with Agrobacterium (Agrobacterium tumefaciens) GV3101 harboring PVX constructs using needleless syringe. After an additional 2 to 3 weeks, the fourth and fifth leaves above the inoculated leaves of each plant were analyzed for transcript levels and used for Agrobacterium-mediated transient expression (agroinfiltration).
Isolation of PVS Genomic Clones
Approximately 6.0 3 10 5 recombinant plaques of a potato genomic library (CLONTECH) were screened using a 32 P-labeled PVS1 cDNA probe . Types of isogenes of first-screened positive phage clones were identified by PCR with PVS1 to 4-specific primer pairs used for reverse transcriptase-mediated (RT)-PCR (see below). The representative phage clones of each isogene were purified. The only gene for PVS2 was not obtained. The XhoI-digested DNA fragments of each phage clone were subcloned into pBluescript KS (1) (Stratagene) and sequenced. The clone, which includes the longest PVS3 promoter, was selected for further analysis. All cloning and DNA-blotting procedures were performed as described previously (Sambrook et al., 1989) .
Generation of Transgenic Plants
Potato plants (cv Sayaka carrying R1 and R3) were transformed with PVS3::GUS or PVS3::StMEK1 DD construct. The PVS3 promoter up to 22,648 bp that includes 30 nucleotides of PVS3 open reading frame was amplified by PCR and introduced into the HindIII and SpeI sites of pBluescript SK (2) (Stratagene). S-Tag and StMEK1 DD fusion or GUS gene were amplified by PCR and cloned into the SpeI and SmaI sites of pBluescript SK (2). This HindIII and SmaI cDNA fragment was amplified and Nos-terminator of pBI121 (CLONTECH) was amplified with SmaI and EcoRI sites, and introduced into the HindIII and EcoRI sites of pGreen0029 (Hellens et al., 2000) . The constructs were verified by sequencing. Stable transgenic lines were generated with the Agrobacteriummediated gene transfer procedure. Independent transformed plant pools were kept separate for the selection of independent transgenic lines based on their kanamycin resistance.
Construction of the PVS3::GUSint Gene and Its Deletion
The plasmid pPVS3-1 was constructed by inserting the PVS3 promoter fragment into the EcoR1-ClaI sites of the pGreen0229 binary vector (Hellens et al., 2000) . The promoter fragments were generated by PCR. The initial PVS3::GUSint construct contained a 2,334-bp promoter region including the 5#-untranslated region, the initiator ATG, and the first 10 amino acid residues from PVS3 fused in-frame with a GUSint coding sequence, which carried an intron. The terminator sequence from the nopaline synthase gene flanks the 3# end of the GUS gene. The 5# deletions of the PVS3 promoter were produced by PCR using appropriate primers. The sequence integrity of the final constructs was confirmed by DNA sequencing.
H 2 O 2 Detection by the 3,3#-Diaminobenzidine Uptake Method
To visualize H 2 O 2 in the infection site of P. infestans or A. solani, 3,3#-diaminobenzidine (DAB) staining was performed as described by ThordalChristensen et al. (1997) . Potato leaves were inoculated with 1 3 10 4 Phytophthora zoospores mL 21 or 1 3 10 5 A. solani spores mL 21 using a lens paper. Detached leaf samples were collected at 8 h after incubation with 1 mg mL 21 DAB solution. Leaves were then fixed on the filter paper by immersion in a 3:1 solution of ethanol:acetic acid.
In-Gel Kinase Assay
In-gel kinase assays were performed as described previously . Briefly, the protein extracts (20 mg) were separated on a 10% SDSpolyacrylamide gel polymerized in the presence of MBP 0.25 mg mL 21 (Sigma). After electrophoresis, SDS was removed by washing the gel in 20 mM Tris-HCl, pH 8.0, containing 20% 2-propanol, four times for 30 min each. After equilibration in buffer A (20 mM Tris-HCl, pH 8.0, and 5 mM 2-mercaptoethanol), the proteins were denatured at room temperature in buffer A containing 6 M guanidine twice for 30 min each time. They were renatured overnight at 4°C by incubating the gel in buffer A containing 0.03% Tween 20 with four changes of the solution. After equilibration in 20 mM HEPES-KOH, pH 7.6, 10 mM MgCl 2 , and 5 mM 2-mercaptoethanol, the gel was incubated in the same buffer containing 25 mM ATP and 0.5 mCi mL
21
[g-32 P]ATP (4,000 Ci mmol 21 ) for 1 h. The reaction was stopped by washing the gel in 5% trichloroacetic acid and 1% sodium pyrophosphate. The gel was washed extensively with this solution, dried under vacuum, and autoradiographed with an intensifying screen.
RT-PCR
Total RNA samples were prepared from wild-type or transgenic plants and used for RT-PCR as templates. Gene-specific primers of each sequence were as follows: PVS1 (176 bp; 5#-CATCGATTGTTTTGTACATCT-3#, 5#-AATAATGA-TACAAAAAAAAATTAAGG-3#), PVS2 (132 bp; 5#-TATCAATTCACCAAG-GAACACT-3#, 5#-GAAGTAATTAAATTTAAATATTATCAA-3#), PVS3 (326 bp; 5#-TTGTCTGCTGCTGCTTGTGG-3#, 5#-TCTCCATGAGTCCTTACATG-3#), PVS4 (131 bp; 5#-CATCCCTTAAAATTATAAGTATTC-3#, 5#-AATAATGA-TACAAAATAAATTAAGG-3#), StMEK1 DD transgene (527 bp; 5#-ATGAAAG-AAACCGCTGCTGCTAAATT CGAA-3#, 5#-ATATCGTGACACCTAACGAC-GTTAGGGTTG-3#), and EF-1a (621 bp; 5#-CACATCAGCATTGTGGTCA-TTGGCCACGT-3#, 5#-TCCCTTGTACCAGTCGAGGTTGGTAGACC-3#).
RNA Gel-Blot Hybridization
Total RNA was extracted from wild-type or transgenic plants. Total RNA (10 mg) was fractionated by electrophoresis on a 1.0% agarose-formaldehyde gel. The separated RNA was transferred from the agarose gel to a nylon membrane (Hybond N 1 ; Amersham). The membrane was incubated for 2 h at 42°C in 50% (v/v) formamide, 5 3 Denhardt's solution, 5 3 sodium chloride/ sodium phosphate/EDTA (SSPE; 1 3 SSPE; 10 mM NaH 2 PO 4 , pH 7.7, 180 mM NaCl, 1 mM EDTA), 0.5% SDS, and denatured salmon sperm DNA 200 mg mL 21 . Hybridization was performed overnight under the same conditions with the addition of 32 P-labeled fragments of the probe. The probes were labeled with [a-32 P]dCTP using a random-primed DNA labeling kit (Megaprime; Amersham). Final washing was performed in 4 3 SSPE and 0.1% SDS at 65°C.
